Purpose of Review Many phenotypes of asthma exist, ranging from mild asthma with onset during childhood to severe asthma with later onset, making asthma a broad disease with different pathologies. A gender disparity exists in asthma prevalence. As adults, women have an increased asthma prevalence compared to men. Further, women are more likely to have severe asthma and a later onset of asthma compared to men. Here, we review clinical and animal studies that have defined the role of sex hormones in airway inflammation, smooth muscle contraction, mucus production, and airway mechanics associated with asthma pathogenesis. Recent Findings Clinical evidence shows that increased asthma symptoms occur in females starting at puberty compared to those in boys. However, after puberty, the role for sex hormones in regulating asthma symptoms during menstruation, pregnancy, and menopause is not as clear. Animal studies have shown that estrogen increases and testosterone decreases Th2-mediated airway inflammation, and that females have increased IL-17A-mediated airway inflammation compared to males. Further, females had increased DC and Mϕ function compared to males. However, the mechanisms driving the types of allergic inflammation are not fully elucidated.
Introduction
Asthma is a chronic disease that causes episodic dyspnea, tightness in the chest, reversible airway obstruction, and wheezing [1] Approximately, 25 million people in the USA have asthma, making it a large health care burden [2] . In 2007, it was estimated that asthma health care-associated costs in the USA were about $3200 per person or $56 billion total each This article is part of the Topical Collection on Basic and Applied Science year [2] . Many phenotypes and endotypes of asthma exist, ranging from mild asthma with onset during childhood to severe asthma with later onset [1, 3••] , making asthma a broad disease with different pathologies. Therefore, it is imperative to understand the pathophysiological mechanisms driving airway inflammation, mucus production, airway hyperreactivity (AHR), and airway remodeling in different phenotypes of asthma.
A gender disparity is well established in asthma and changes throughout life [4] . As children, boys have an increased prevalence of asthma compared to girls (11.9 versus 7.5%, respectively) [2] , and boys are also twice as likely as girls to be hospitalized for an asthma exacerbation [5] . However, during adolescence, there is a decline in asthma prevalence and morbidity in males concurrent with an increase in females. By adulthood, women have increased asthma prevalence compared to men (9.6 versus 6.3%, respectively) [2, 6] , and women are three times more likely than men to be hospitalized for an asthma-related event [7] [8] [9] . This increase in asthma prevalence in women compared to that in men is maintained until around the time of menopause, when a decrease in asthma prevalence is noted in women [10] . Shifts in asthma prevalence based on gender coincide with changes in sex hormones and suggests that sex hormones modulate pathways associated with asthma pathogenesis. In this review article, we will review the role of sex hormones in asthma pathogenesis using data from epidemiological, clinical, and animal model studies.
Asthma Prevalence Changes During Puberty
Allergic, atopic asthma is associated with onset during childhood, and boys have increased allergic inflammation and serum immunoglobulin E (IgE) levels compared to girls [11, 12] . Boys also have dysanapsis, smaller airway diameters relative to lung volumes compared to girls, making boys more likely to have asthma symptoms than girls [13] . As children age, the switch in asthma prevalence from highest in males to highest in females coincided with the age of puberty onset [5, 14] . The Childhood Asthma Management Program (CAMP) study longitudinally tracked the average asthma symptom score as well as progression through puberty, using the Tanner stage metric, in boys and girls ages 4-17 [15•] . At approximately age 10, when the Tanner scores start increasing in girls, the average asthma symptom score also increased in girls and declined in boys [15•] . Further, asthma symptoms continued to increase in girls as Tanner stages increased [15•] . Additional studies have also shown that early-aged menarche (≤11 years old) increased the incidence of asthma [16] . Collectively, these studies present strong epidemiological evidence that the prevalence of asthma in females increased in adolescence and that early menarche further increases the risk of developing asthma.
Pre or Peri-Menstrual Worsening of Asthma
Changes in asthma symptoms through the menstrual cycle are well established, and approximately 30-40% of women with asthma report pre or peri-menstrual worsening of asthma. [17] [18] [19] [20] [21] [22] [23] . Decreased peak expiratory flow rates, increased asthma symptoms, and increased use of rescue mediations were determined during the pre or perimenstrual phase of the cycle [18] [19] [20] . Additional studies determined women with pre-menstrual asthma symptoms had increased fractional exhaled nitric oxide (FeNO), a non-invasive measure of epithelial-induced nitric oxide that correlates with eosinophilic inflammation [24] , and eosinophils in the sputum in the pre-menstrual phase compared to those of the seventh day of their cycle [25] . In the Severe Asthma Research Program (SARP) study, perimenstrual worsening of asthma had increased oral corticosteroid bursts and increased emergency department visits compared to those of women without peri-menstrual worsening of asthma [23] . However, other studies including multiple phenotypes of asthma found no differences in the phase of the menstrual cycle of women requiring emergency department visits for asthma symptoms [21, 26] . While pre-menstrual asthma impacts many women with asthma, the molecular mechanisms driving the cyclic increase in symptoms are poorly understood. The premenstrual phase of the cycle occurs after the peaks of serum estrogen and progesterone. Therefore, it is unknown how estrogen, progesterone, or potentially other hormones which are differentially regulated through the menstrual cycle affect airway inflammation.
To delineate if ovarian hormones increased airway inflammation, studies tracking asthma symptoms in women taking hormonal oral contraceptives versus women not taking contraceptives were conducted. Cross-sectional surveys in menstruating women determined that women using oral contraceptives had increased asthma risk compared to women not on oral contraceptives [27, 28] . However, Macsali and colleagues found the association between increased asthma risk and oral contraceptive use was not seen in lean (underweight) women [27] . Oral contraceptives were associated with increased wheezing in women with asthma in some studies [27, 29] , but decreased wheezing and/or asthma symptoms in others [30, 31•] . In another study, 28 women with asthma were followed for 12 weeks (2-4 menstrual cycles) and no differences were determined in asthma symptoms in women taking oral contraceptives versus women not taking oral contraceptives [32] . These discordant findings from various studies may be due to small sample sizes (for some studies) or the many different forms of birth control medications used by women, including monophasic, multiphasic, progesterone-only, hormonal vaginal or interuterine devices, or extended-cycle pills. Additional studies with increased sample size and women on similar types of birth control medications should be conducted over several cycles and seasons to determine if hormonal contraceptives affect asthma symptoms.
Pregnancy and Asthma
During pregnancy, women with asthma are known to have decreased asthma symptoms, increased asthma symptoms, or maintain similar asthma symptoms as prior to pregnancy [33, 34] . Women with more severe phenotypes of asthma are more likely to have asthma worsening during pregnancy [35] . However, for mild and moderate asthma patients, it is difficult to predict if asthma symptoms will increase, decrease, or stay the same during pregnancy. The National Heart, Lung, and Blood Institute and the Global Initiative for Asthma (GINA) guidelines indicate that pregnant women should maintain their current regimen of asthma medications, including inhaled corticosteroids, long-acting beta agonists, leukotriene modifiers, theophylline, and oral corticosteroids [36, 37] . Maintaining asthma control during pregnancy is important as severe asthma, poorly controlled asthma, and asthma exacerbations during pregnancy are associated with increased risk for development of pre-eclampsia and gestational diabetes in the mother and pre-term birth, low birth weight, and peri-natal mortality for the baby [36, 38, 39] . Future longitudinal studies are needed to track women with asthma prior to pregnancy and throughout the pregnancy to determine if any biomarker or clinical lung function test can be used to predict if asthma symptoms will change during pregnancy. This information would be beneficial in educating the patient on the importance of taking or increasing use of asthma medication during pregnancy.
Menopause and Asthma
The age-adjusted risk of asthma decreases in postmenopausal women compared to that of pre-menopausal women [10] . However, variable findings are reported in the literature regarding menopause and asthma. No difference in selfreported asthma between pre-menopausal and postmenopausal women not taking hormone replacement therapies (HRTs) was reported by the European Community Respiratory Healthy Survey I (ECRHS I) [40] . However, the US Nurses' Health Study determined postmenopausal women not taking HRT had decreased risk of developing asthma compared to pre-menopausal women [10] , and the ECRHS II crosssectional study reported increased asthma symptoms in women during the menopause transition (amenorrhea for 6+ months) compared to those in pre-menopausal women [41] . Further, a new phenotype of asthma with onset after menopause has been recently described for a subset of women [42] [43] [44] , but the mechanisms that initiate and regulate postmenopausal asthma remain largely unknown.
Role of Sex Hormones in Airway Inflammation-Summary of Animal Model Data
Patients with asthma have airway inflammation meditated by type 2 cells, IL-17A-secreting cells, and IFN-γ-secreting cells that leads to increased airway reactivity, inflammation, mucus production, and clinical symptoms associated with asthma [45] [46] [47] . Type 2 airway inflammation is characterized by increased CD4+ Th2 cells, group 2 innate lymphoid cells, eosinophils, mast cells, basophils, and other cells in the airway. IL-17A airway inflammation is meditated by increased secretion of IL-17A from CD4+ Th17 cells, γδ T cells, neutrophils, and group 3 innate lymphoid cells in the airways [48] . IFN-γ-mediated airway inflammation is induced by CD4+ Th1 cells, cytotoxic killer T cells, and natural killer (NK) cells [49] . Clinical and epidemiological data have provided insight into the role of sex hormones in driving asthma symptoms, prevalence, and severity, but mouse models of asthma have elucidated some of the mechanism by which sex hormones regulate airway inflammation. As summarized in Table 1 and Fig. 1 , ovarian hormones, including estrogen and progesterone, enhanced while androgens, including, testosterone and 5-alpha dihydrotestosterone (5α-DHT), suppressed the innate and adaptive immune responses driving airway inflammation in asthma. In the following subsections, we will describe the findings from these animal studies.
Sex Hormones and in Type 2-Mediated Allergic Airway Inflammation
In multiple studies, female mice had increased ovalbumin (OVA)-induced infiltration of eosinophils, serum IgE concentrations, and IL-13 protein expression in the lungs compared to male mice [50, 51, 52•] . However, OVA-challenged females had increased airway remodeling and mucus production compared to male mice in some reports [50, 51] , but no differences were found in others [52•] . Presence of ovarian hormones during the sensitization phase is required for maximal Th2-mediated airway inflammation in female mice. In the OVA sensitization and challenge model of allergic airway inflammation, compared to sham-operated female mice, female mice ovariectomized prior to OVA sensitization had decreased IL-5 and eosinophil broncheoalveolar (BAL) levels as well as decreased AHR to methacholine [53••] . However, if female mice were ovariectomized after sensitization, but before OVA challenge, there was no difference in BAL IL-5 protein expression or eosinophils as well as no effect on the percent increase in AHR [53••] . Further, addition of estradiol benzoate, a synthetic, steroidal estrogen, before OVA sensitization increased eosinophils in the BAL compared to those of vehicle-treated ovariectomized OVA-challenged female mice, albeit not to levels observed in OVA-challenged sham-operated female mice [53••] . These data show that estrogen signaling is important for OVA-induced allergic airway inflammation prior to sensitization, but that other ovarian hormones, potentially progesterone, are also important in establishing OVA-induced allergic airway inflammation.
Other studies have looked at the direct action of estrogen or testosterone on allergic airway inflammation. Estrogen can signal through multiple receptors including the nuclear receptors, estrogen receptor (ER)-α and ER-β, as well as the membrane-bound G protein-couple estrogen receptor 1 (GPER1). Estrogen signaling through ER-α increased OVA-induced allergic airway inflammation, as mice deficient in ER-α (esr1 −/− mice) had decreased AHR compared to that of (wild type) WT and ER-β-deficient mice (esr2 −/− mice) [54•] . However, additional studies showed that ER-α signaling increased OVAinduced AHR but had no effect on airway inflammation [54•] . Testosterone is also important in type 2-mediated airway inflammation. Castrated male mice had a significant increase in OVA-induced eosinophil and lymphocyte infiltration as well as IL-13 protein expression compared to sham-operated male mice. Further, addition of dehydroepiandrosterone (DHEA), a hormone upstream of testosterone, to mouse chow decreased house dust mite (HDM)-induced allergic airway inflammation compared to that of mice on control diet [55] . DHEA-treated mice undergoing the HDM protocol had decreased serum eosinophils, IL-5, IL-4, and IFN-γ levels but no change in serum IgE concentrations compared to HDM-stimulated mice on normal chow [55] . Combined, these data showed sex hormones were important in regulating type 2 inflammation and that many pathways are affected by ovarian hormone and/or testosterone signaling. [56] [57] [58] [59] . Recently, IL-5 and IL-13 were increased in IL-33-stimulated ILC2 from OVA sensitization and challenge female BALB/c mice compared to those of IL-33-stimulated ILC2 from OVA sensitization and challenge male mice [60] . These data suggest that sex hormones may also be important in ILC2-mediated airway inflammation, and future studies need to be conducted to determine the mechanism regulating ILC2-mediated airway inflammation.
Other immune cells, including mast cells, dendritic cells (DCs), and macrophages (Mφ), are also important for type 2-mediated airway inflammation. Allergens increase antigen-specific IgE production by B cells, and IgE binds to the high-affinity IgE receptor, FcεR1, on tissue mast cells, and peripheral blood basophils. Antigen crosslinking of the antigen-specific IgE/FcεR1 complex ignites degranulation of the mast cells and basophils, causing release of soluble mediators, including histamines, cytokines, prostaglandins, and proteases [61, 62] . The role of sex hormones on mast cell degranulation or cytokine expression is unclear. As mentioned previously, IgE is increased in the serum of OVAsensitized and OVA-challenged female mice compared to that of male mice [50] [51] [52] . Other studies showed that peritoneal mast cells (PMCs) from female, but not male, Sprague-Dawley rats treated with estradiol, progesterone, testosterone, or 5α-DHT at the time of ex vivo stimulation with substance P had decreased histamine release compared to PMCs treated with vehicle. Further, histamine release from PMCs stimulated with IgE from female, but not male rats, increased with estradiol treatment and decreased with progesterone, testosterone, or 5α-DHT [63] . Therefore, sex hormones regulate activation of mast cells, but the mechanisms are not clear and additional investigation is needed. the role of sex hormones on mast cell degranulation or cytokine expression during airway inflammation is unclear, studies in isolated peritoneal mast cells (PMCs) from female SpragueDawley rats stimulated with substance P showed decreased histamine release in PMCs from female rats administered with estradiol, progesterone, testosterone, or 5α-DHT.
DCs and M2 alveolar macrophages also play a central role in allergic airway inflammation, and sex hormones affect cytokine expression and antigen presentation in DCs and alveolar macrophages. Female mice that were OVA sensitized and challenged had increased myeloid DCs and plasmacytoid DCs migrating to the lungdraining lymph nodes as well as increased the percentages of alveolar macrophages (AAMφ) compared to those of male BALB/c mice [64] . Further, 17β-estradiol (E2) treatment of LPS-stimulated DCs increased T cell activation, proliferation, and protein expression of IL-6, Fig. 1 Gender differences in airway inflammatory pathway associated with asthma. Mouse models of airway inflammation associated with asthma have shown gender differences in both type 2 and IL-17A-mediated airway inflammation. This figure summarizes these differences. DC dendritic cell, F female, HDM house dust mite MΦ macrophage, M male IL-8, and MCP-1 compared to that of vehicle-treated, LPS-stimulated DCs [65] . 17β-E2 administration to GM-CSF-stimulated bone marrow cells also increased CD11b+, CD11c+ DCs. ER-α deficiency (esr1 −/− mice) significantly decreased the number of CD11b+, CD11c+ DCs generated from GM-CSF and IL-4 treated-bone marrow cells compared to WT mice [66] . Studies on macrophages from other tissues have shown that the administration of E2 to ovariectomized LysM-Cre Erα flox mice significantly reduced numbers of peritoneal macrophages in the peritoneal cavity and increased protein levels of IL-1β and IL-6 as well as mRNA expression of iNOS, compared to ovariectomized LysM-Cre Erα flox mice administered placebo pellets [67] . Estrogens are not the only sex hormones that are important for DC and AAMφ function, and future studies need to focus on the role of estrogens, progesterone, and testosterone, on lung DCs and AAMφ differentiation, function, and cytokine expression in airway inflammation associated with asthma.
Sex Hormones and IL-17A-Mediated Airway Inflammation
While type 2 immune-mediated airway inflammation is found in many patients with asthma, increased IL-17A is associated with more severe phenotypes of asthma [48, 68•] . IL-17A is increased in the bronchoalveolar lavage fluid of patients with asthma, leading to increased mucus production and increased neutrophils in the airways [68•, 69, 70, 71] . In the lungs, IL-17A is secreted by CD4+ T helper 17 (Th17) cells, γδ T cells, and neutrophils and innate lymphoid group 3 (ILC3) cells. Our group showed women with severe asthma had significantly increased IL-17A-producing Th17 cells compared to men with severe asthma [72] . Using an adoptive transfer mouse model of OVA-specific Th17-mediated inflammation, we also showed that the OVAspecific Th17 cells from female mice had increased IL-17A production and caused increased neutrophilic inflammation in recipient mice compared to OVA-specific Th17 cells from male mice [72] . Further, we showed that in vivo administration of 17β-estradiol and progesterone increased ex vivo Th17 cell differentiation and increased IL-17A protein expression in Th17 cells by increasing IL-23/IL-23R signaling through a let-7f miRNA expression-dependent pathway [72] .
IL-17A-producing γδ T cells and ILC3 also augment the IL-17A-mediated airway inflammatory response, and the role of sex hormones on these cell types has also been studied [73, 74] . Estradiol treatment of γδ T cells decreased numbers of IL-17+ T cells in the draining lymph nodes, suggested an estradiolmediated regulation of γδ T cell migration from the lymph nodes to various tissues [75] . The role of sex hormones on ILC3 function has not been investigated, but is an important area for future studies. Additional studies need to be conducted to determine how sex hormones regulate IL-17A-mediated airway inflammation or both type 2 and IL-17A-mediated inflammation, as many patients with asthma have increased eosinophils and neutrophils in the airway [3••] .
Role of Sex Hormones in Airway Physiology
Non-immunological mechanisms, such as gender differences in AHR, smooth muscle contractility, and mucus production, may also drive the gender differences in asthma. Baseline AHR is increased in male mice compared to that of female mice for both BALB/c and C57BL/6 strains of mice [76] . Increased basal AHR in male mice is potentially caused by fewer numbers of alveoli and decreased alveolar surface area compared to that on female mice as ovariectomized female mice have similar alveoli structures as male mice [77] . Additionally, ER-α and ER-β signaling is important for alveolar development since ER-α-and ER-β-deficient mice have decreased alveoli [78] . A gender difference in smooth muscle contractility is also reported. Vagal nerve responses in response to methacholine or carbachol challenge were increased in male mice compared to those of female mice and gonadectomized male mice had similar levels of vagal nerve responses as female mice [78] . Further restoring androgens to gonadectomized mice increased vagal nerve responses and increased AHR in these mice [78] . These findings show that androgens are important in increasing vagal nerve responses and AHR.
Estrogen and progesterone are also important in mucus production and mucociliary clearance. Administration of ethynyl estradiol to guinea pigs significantly increased mucus cell hyperplasia compared to that of vehicle-treated animals [79] . Further, administration of estrogen or progesterone increased to cultured human airway or nasal epithelial cells the expression of the mucus proteins, Muc5AC and Muc5B, as well as mucus production when compared to those of vehicle treated-cells [80, 81] . However, progesterone decreased the cilia beat frequency from cultured primary human airway epithelial cells, but cells that were co-administered 17β-E2 with progesterone had cilia beat frequency that was similar to vehicle-treated cells [82•] . In summary, sex hormones regulate baseline airway responsiveness to methacholine, smooth muscle contractility, and mucus production.
Conclusions
Sex hormones regulate asthma pathophysiology via multiple pathways, but some mechanisms remain unclear. Clinical evidence shows that increased asthma symptoms occur in females starting at puberty compared to those of boys. However, after puberty, the role for sex hormones in regulating asthma symptoms during menstruation, pregnancy, and menopause is not as clear. Animal studies showed that estrogen increased and testosterone decreasedTh2-mediated airway inflammation, but how ovarian hormones and testosterone regulate other pathways important in airway inflammation remains to be elucidated. Future research should focus on delineating these pathways using animal models as well as women and men with various phenotypes of asthma. Understanding the pathways will help determine if women with asthma should take (or avoid) hormonal contraceptive use, ways to control peri-menstrual asthma, and methods or biomarkers to more accurately predict if asthma symptoms will worsen during pregnancy.
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